Lamins are key nuclear proteins which are important for maintaining nuclear structure and function. Mutations in lamins cause a spectrum of genetic diseases termed as laminopathies. RING finger containing E3 ubiquitin ligase, RNF123, is transcriptionally upregulated in cells expressing rod domain lamin A mutations. However, the functional relevance of RNF123 in laminopathic cells is not clear. Using a mass spectrometrybased approach, we identified lamins and lamin-binding proteins retinoblastoma protein (pRb), lamina-associated polypeptide 2a (LAP2a), and emerin as RNF123-interacting proteins. We determined that RNF123 mediated the ubiquitination of these proteins and caused the proteasomal degradation of pRb, LAP2a, and lamin B1. Furthermore, these proteins were also targeted for proteasomal degradation in cells expressing lamin A rod domain mutants G232E, Q294P, and R386K. Overexpression of RNF123 resulted in delayed transit through the S-phase which was alleviated by coexpression of pRb or LAP2a. Our findings imply that RNF123-mediated ubiquitination of lamin-binding proteins may contribute to disease-causing mechanisms in laminopathies by depletion of key nuclear proteins and defects in cell cycle kinetics.
Introduction
Lamins are type-V intermediate filament proteins which are the chief constituents of the nuclear lamina that lies beneath the inner nuclear membrane and also extends into the interior of the nucleus. Lamins are classified as A-type and B-type lamins on the basis of their biochemical characteristics. A-type lamins (lamin A, C, and AD10) encoded by LMNA gene are developmentally regulated and are mainly detected in differentiated cells. B-type lamins (B1 and B2) encoded by LMNB1 and LMNB2 are ubiquitously present in somatic cell types. Lamins provide the structural scaffold that gives mechanical support to the nucleus and are involved in multiple nuclear processes such as DNA replication, transcription control, chromatin organization and DNA repair [1] [2] [3] [4] [5] . These functions of lamins are performed in unison with a number of inner nuclear membrane proteins such as emerin, nesprins (nesprin-1a and nesprin-2a), lamina-associated polypeptides (LAP) LAP1 and LAP2, MAN-1, and Sad1-and-UNC84-domain containing 1 or SUN1 [6, 7] . Mutations in LMNA cause a group of debilitating genetic diseases called laminopathies. These diseases include EmeryDreifuss muscular dystrophy (EMD), limb-girdle muscular dystrophy-1B, dilated cardiomyopathy, lipodystrophies, peripheral neuropathies, and accelerated aging syndromes such as Hutchinson-Gilford progeria syndrome and atypical Werner's syndrome.
Laminopathic cells have characteristic phenotypes such as deformed nuclear architecture, defective mechanotransduction, heterochromatin loss, and defective Abbreviations 53BP1, p53-binding protein 1; ATR, ataxia telangiectasia and Rad3-related protein; EMD, Emery-Dreifuss muscular dystrophy; HECT, homologous to E6-AP carboxy terminus; HP1, heterochromatin protein 1; IP, immunoprecipitation; LAP, lamina-associated polypeptide; pRb, retinoblastoma protein; RING, really interesting new gene; Ub, ubiquitin.
DNA damage repair. Cells deficient in lamin A show increased proteasomal degradation of emerin, retinoblastoma protein (pRb), nesprin-1a, and DNA repair protein p53-binding protein 1 (53BP1) [8] [9] [10] . We have earlier shown that cells expressing EMD-causing lamin A mutations exhibit loss of heterochromatin protein 1 (HP1) a, b and DNA damage sensor kinase, ataxia telangiectasia and Rad3-related protein (ATR) by involvement of specific ubiquitin ligases. Three E3 ubiquitin ligases, namely really interesting new gene (RING) finger E3 ligase RNF123, F-box substrate adaptor protein FBXW10, and HECT (homologous to E6-AP carboxy terminus)-type E3 ubiquitin ligase HECW2, are transcriptionally upregulated in HeLa cells expressing EMD-causing lamin A mutants or showing reduced levels of lamin A/C [11, 12] .
RNF123 is an E3 ubiquitin ligase that belongs to the RING-finger family of ligases that contain a 40-60-amino acid long RING domain which is essential for causing substrate ubiquitination. RNF123 is reported to cause the proteasomal degradation of cell cycle inhibitor protein p27 at G1 phase of cell cycle [13] . It is also known to be involved in a number of cellular processes such as the proteasomal processing of NF-kB precursor p105 to p50 [14] . In cells expressing EMD-causing lamin A mutations, RNF123 has been shown to proteasomally degrade HP1a, HP1b, and ATR kinase [12, 15] .
In the present study, we have identified additional interaction partners of RNF123 by mass spectrometry analysis. We have analyzed binding interactions between RNF123 and lamin A and lamin-binding proteins pRb, lamin B1, LAP2a, and emerin. Also, we have determined the levels of these proteins in cells expressing lamin mutations and examined the effects of RNF123 expression on cell cycle kinetics. Our findings establish RNF123 as an E3 ubiquitin ligase for key lamin-binding proteins.
Results

Mass spectrometry analysis of RNF123
In order to investigate the functional relevance of upregulation of RNF123 in laminopathic cells, we have taken a mass spectrometry approach to identify the interacting partners of RNF123. FLAG control vector or FLAG-RNF123 was overexpressed in HEK293T cells and the cell lysates were subjected to immunoprecipitation using FLAG antibody. The immunocomplexes were then resolved on SDS/PAGE and processed for mass spectrometric analysis. The proteins identified in mass spectrometry are shown in Table S1 . Interestingly, we identified a number of lamin A-interacting proteins such as lamin B1, emerin, nesprin-2, and proteins of the nuclear pore complex such as Nup53 and Nup205 (Table 1) . In an independent mass spectrometry experiment, with stable clones expressing FLAG vector control or FLAG-RNF123 in HeLa cells, we observed that lamin A/C and laminaassociated polypeptide 2a (LAP2a) were also associated with RNF123 (Table S2) . Approximately 8-12% of the total interactome was nuclear in localization, and cytosolic proteins formed the largest group of interaction partners as predicted by PANTHER database. Differences in the interactome between HeLa and HEK293T cells could be attributed to cell-specific differences or the method of overexpression of RNF123 (Fig. 1A,B ).
RNF123 interacts with lamin A, lamin B1, pRb, LAP2a, and emerin Next, we wanted to validate the interaction of RNF123 with endogenous lamin A, lamin B1, LAP2a, and emerin in HEK293T cells using immunoprecipitation assays. Furthermore, we were also interested in determining if retinoblastoma protein (pRb) interacted with RNF123, since pRb is protected from proteasomal degradation by lamin A/C [8] and is an interaction partner of LAP2a [16, 17] . GFP or GFPtagged-RNF123 was transiently overexpressed in HEK293T cells, treated with proteasomal inhibitor MG132, followed by immunoprecipitation with GFP antibody. We observed that all of the above proteins coimmunoprecipitated with GFP-RNF123 but not with GFP vector control ( Fig. 2A) or IgG control (Fig. 2B ), indicating that GFP-RNF123 interacts with lamins and lamin-interacting proteins ( Fig. 2A,B) . As only one of the lamin A/C isoforms was coimmunopreciptated upon GFP-RNF123 overexpression, we coexpressed GFP-tagged lamin A and FLAG vector or FLAG-RNF123 and pulled down GFP-lamin A and observed that FLAG-RNF123 associates with lamin A (Fig. 2C) . To further validate the interaction of lamin A/C and lamin-binding proteins with RNF123, endogenous RNF123 was immunopreciptated and we found that the aforementioned proteins associated with RNF123, suggesting that these interactions also occur in the cellular milieu (Fig. 2D ).
Fibrillarin, a nucleolar protein was used as a negative control for interaction as it failed to interact with RNF123 ( Fig. 2B,D) .
RNF123 ubiquitinates pRb, LAP2a, lamin B1, lamin A, and emerin
Since RNF123 is an E3 ubiquitin ligase, we next determined whether RNF123 mediates the ubiquitination of its interacting partners using a standard in vivo ubiquitination assay as described in experimental procedures. FLAG-RNF123, HA-tagged-ubiquitin (HA-Ub) and GFP-tagged potential ubiquitination substrates were expressed in HEK293T cells. The substrate tagged with GFP was immunoprecipitated using GFP antibody, and probed with HA antibody to check for its ubiquitination. Pull-down of GFP-pRb, GFP-LAP2a, GFP-lamin B1, and GFP-emerin indicated that ubiquitination levels of these proteins were higher in FLAG-RNF123-expressing cells as compared to the empty FLAG vector-expressing cells indicating that RNF123 is a cognate E3 ligase for these proteins ( Fig. 3A-E) . Although GFP-lamin A showed similar levels of monoubiquitinated protein, higher molecular mass ubiquitinated bands were observed which are likely to correspond to polyubiquitinated species; however, we have not ruled out the possibility of coimmunoprecpitated proteins being ubiquitinated by RNF123. No specifically ubiquitinated proteins were observed with GFP alone (Fig. 3F ).
To further confirm that ubiquitination of its substrates by RNF123 is a direct effect of the ligase, we performed in vitro ubiquitination assays using immunopurified FLAG-RNF123 and GFP substrates and recombinant UBE1 (E1), UbcH5a (E2) [13] , and 6XHis-tagged Ub 5 as mentioned in experimental procedures. We observed higher molecular weight-ubiquitinated GFP substrate species in the presence of RNF123 indicating that RNF123 can directly cause the ubiquitination of its substrates (Fig 4A-E) , which is consistent with the in vivo ubiquitination assays. The in vitro ubiquitination assay suggests that pRb, lamin A, and LAP2a show predominant mono-ubiquitination, whereas lamin B1 and emerin appear to be polyubiquitinated.
RNF123 causes proteasomal degradation of pRb, LAP2a, and lamin B1
Ubiquitination by E3 ubiquitin ligases can alter the dynamics of the substrates in a variety of ways ranging from proteasomal degradation to altered cellular localization or changes in protein interactions. Hence, we wanted to ascertain the effect of RNF123 overexpression on levels of lamin-binding proteins identified above. Expression of RNF123 in HEK293T cells caused up to~30-40% reduction in cellular levels of pRb, LAP2a, and lamin B1, whereas levels of lamin A/C and emerin and RNF123 noninteracting protein fibrillarin were not altered (Fig. 5A,B) . Moreover, treating cells ectopically expressing RNF123 with proteasomal inhibitor MG132 restored the levels of pRb, LAP2a, and lamin B1 to those in control cells. Also, the levels of these proteins were significantly higher after MG132 treatment as compared to untreated RNF123-expressing cells (Fig. 5A,C) indicating that RNF123 targets these proteins for degradation via the proteasomal pathway. Since lamin B1 is reported to be degraded by autophagy and apoptosis [18] , we inhibited these pathways in cells overexpressing RNF123 to determine if RNF123 mediated the degradation of lamin B1 via any of these pathways. Treatment with autophagy inhibitor chloroquine or pan-caspase inhibitor z-vad-fmk did not restore the lamin B1 levels as compared to the control cells ( Fig. 5D-G) suggesting that in RNF123-expressing cells lamin B1 is degraded mainly by the proteasomal pathway. LC3 levels and PARP cleavage were used as positive controls for autophagy and apoptosis inhibition, respectively.
We have previously shown that E3 ubiquitin ligases, RNF123 and HECW2, and specificity factor FBXW10 are upregulated transcriptionally in EMD-lamin A mutant-expressing cells [11] . Hence, we also analyzed the effects of both FBXW10 and HECW2 substrates upon GFP-FBXW10 or GFP-HECW2 overexpression, suggesting that the proteasomal degradation of pRb and LAP2a is specific to RNF123, whereas lamin B1 could be a common substrate for RNF123 and HECW2. We have previously shown that The in vitro ubiquitination assay for GFP-pRb, GFP-LAP2a, GFP-lamin B1, GFP-lamin A and GFP-emerin, respectively, was performed using immunopurified GFP substrates and FLAG-RNF123 as described in experimental procedures. The in vitro reactions were performed in the indicated combinations using recombinant UBE1 (E1), UbcH5a (E2) and 6XHis-Ub 5 . The ubiquitination was detected by immunoblotting with GFP antibody as indicated. Arrows indicate the ubiquitinated species. The protein levels were normalized to actin and relative protein intensities were compared to the untreated and treated GFP control, respectively. (C) Graphical representation of normalized protein intensities comparing protein levels between MG132 untreated and treated RNF123 lysates. (D) HEK293T cells were transfected with GFP or GFP-RNF123 for 48 h and treated with 50 lM chloroquine for 18 h to inhibit autophagy. The cell lysates were then immunoblotted with the indicated antibodies. LC3 was used as a positive control for chloroquine treatment (n = 3). (E) HEK293T cells were transfected with GFP or GFP-RNF123 for 48 h and treated with 20 lM z-vad-fmk for 24 h to inhibit apoptosis followed by immunoblotting with indicated antibodies. To determine the efficacy of z-vad-fmk treatment, HEK293T cells were treated with 300 nM staurosporine (STSN) for 3 h to induce apoptosis both in the absence and presence of z-vad-fmk as indicated and PARP cleavage was used as a positive control (n = 3). (F and G) Graphical representation of normalized lamin B1 intensities upon autophagy and apoptosis inhibition in GFP or GFP-RNF123-expressing cells, respectively. The protein levels were normalized with actin and were compared to that of treated GFP control (***P < 0.001, **P < 0.01).
RNF123, HECW2, and FBXW10 have common substrates such as heterochromatin protein 1 (HP1a and b) and ATR kinase [11, 12] . We also carried out shRNA-mediated downregulation of HECW2 upon RNF123 overexpression and found that lamin B1 levels did not get restored in these cells as compared to only GFP-expressing cells (Fig 6D,E) .
We further confirmed our results in HeLa cells by carrying out immunofluorescence assays upon overexpression of GFP-RNF123. We observed that GFP-RNF123 expressing cells showed reduced levels of LAP2a, lamin B1, and pRb within the nucleus (Fig 7A,B) . This is consistent with the immunoblotting analysis observed in HEK293T cells. Overexpressed GFP-RNF123 showed similar localization patterns as the endogenous protein with partial nuclear localization (Fig. 7C) .
To further validate these effects on the turnover of RNF123 substrates, we carried out cycloheximide pulse experiments. HEK293T cells were transiently transfected with GFP or GFP-RNF123 and were treated with cycloheximide after 24 h of transfection for different time intervals for up to 24 h. We observed that the turnover of pRb, LAP2a, and lamin B1 postcycloheximide treatment was faster in cells expressing GFP-RNF123 as compared to GFP empty vectorexpressing cells, (Fig. 8A-D) confirming that these proteins get degraded on RNF123 expression. However, RNF123 overexpression did not affect the stability of endogenous lamin A/C and emerin (Fig. 8A ,E and F) as previously seen in Fig. 5A . The absence of degradation of emerin by RNF123 is consistent with our earlier finding that emerin is mislocalized but not degraded by RNF123 [15] . Downregulation of RNF123 increases the levels of pRb, LAP2a, and lamin B1 Since higher levels of RNF123 target pRb, lamin B1 and LAP2a for proteasomal degradation, we determined if downregulation of endogenous RNF123 could reverse this effect. HEK293T cells were transfected with shRNAs against RNF123 for 96 h to downregulate the endogenous protein. Downregulation of RNF123 caused the cellular levels of pRb, LAP2a, and lamin B1 to increase by~30-40% as compared to control shRNA-expressing cells (Fig. 9A,B) indicating that RNF123 might be involved in the homeostatic turnover of these proteins. However, downregulation of endogenous RNF123 did not affect levels of lamin A/C or emerin suggesting that the ubiquitination might regulate these proteins by other mechanisms. Expression of E3 ligase HECW2 which is also upregulated in cells expressing lamin A mutants showed reduced cellular lamin B1 levels (Fig 6A) . Therefore, we checked the levels of cellular lamin B1 upon combined shRNA-mediated downregulation of both RNF123 and HECW2. We observed that cells with combined downregulation of both ligases showed a small increase in lamin B1 levels as compared to cells wherein only RNF123 was downregulated (Fig. 9C,D) , suggesting that both ligases are involved in the turnover of lamin B1.
Lamin mutant-expressing cells have reduced levels of pRb, lamin B1, and LAP2a
Since RNF123 is upregulated in cells expressing lamin A mutations, we sought to determine if lamin mutantexpressing cells also showed any reduction in the endogenous levels of the RNF123-interacting proteins described above. We initially confirmed that RNF123 protein levels are upregulated in HEK293T cells expressing GFP-tagged lamin A mutants G232E, Q294P, and R386K. In earlier studies, these mutations have been associated with EMD [19] . HEK293T cells were transfected with GFP or GFP-tagged WT lamin A, G232E, Q294P, or R386K and the cellular levels of RNF123 were checked by immunoblotting. We observed that RNF123 levels were significantly higher by~60-70% in cells expressing lamin mutants as compared to GFP control (Fig. 10A,B) . On ectopic expression of lamin mutants G232E, Q294P, and R386K in HEK293T cells, we observed that the amounts of pRb, lamin B1, and LAP2a were reduced by~40% at protein level in comparison to GFPexpressing cells (Fig. 10C,D) . Also, treatment with MG132 led to the restoration of protein levels (Fig. 10E,F) indicating that the depletion of these nuclear proteins is due to proteasomal degradation. We also observed that the endogenous levels of emerin were not significantly altered in lamin mutant-expressing cells. Since RNF123 shows substrate specificity for pRb and LAP2a we suggest that RNF123 may mediate the degradation of these substrates in lamin mutant-expressing cells, whereas lamin B1 may be targeted by both RNF123 and HECW2.
RNF123 alters cell cycle kinetics
RING-finger proteins are known to be cell cycle regulators [13, 20] . Since we observed a reduction in pRb levels, which is a negative regulator of the cell cycle [21] , we examined if ectopic expression of RNF123 has 
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The FEBS Journal 285 (2018) 2243-2262 ª 2018 Federation of European Biochemical Societies any effects on cell cycle progression. We initially observed that the levels of G1/S cyclins, cyclin D1, and cyclin E were~40% lower in cells expressing GFP-RNF123 (Fig. 11A,B) . We also sought to determine if p27 levels are altered in asynchronously growing cells expressing GFP-RNF123, however, we did not detect any significant changes in the endogenous p27 levels. Next, GFP vector or GFP-RNF123 was expressed in asynchronously growing HEK293T cells and the cell cycle profile of GFP-positive cells was studied by DNA content analysis. Cell cycle analysis indicated that cells expressing RNF123 had higher percentage of population in S and G2/M phases of cell cycle and the population of cells in G1 had reduced by~73% (Fig. 11C) . GFP-RNF123-expressing cells also showed higher incorporation of DNA labeling agent EdU as compared to only GFP-expressing cells (Fig. 11D) , confirming higher accumulation of cells in S-phase upon RNF123 overexpression. We also checked if the cell cycle time was affected upon RNF123 expression by MTT [3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide] cell proliferation assay. RNF123-expressing cells exhibited slower growth rate as compared to control GFP vector-expressing cells suggesting a delay in cell cycle transit time (Fig. 11E) . We also observed that downregulation of RNF123 did not significantly affect the cell cycle profile of cells (Fig. 11F) . We asked if the increased S-phase accumulation was due to depletion of pRb and LAP2a, both of which are known to restrict the entry of cells into the S-phase [17, 22] . To determine this, we overexpressed FLAG-RNF123 and either GFP-pRb or GFP-LAP2a in HEK293T cells for 48 h and analyzed the cell cycle profile of both GFPand FLAG-positive cells. We observed that cells coexpressing GFP vector and FLAG-RNF123 showed increased population in S and G2/M phases unlike the cell cycle profile of cells coexpressing both GFP and FLAG vectors. Coexpression of either GFP-pRb or GFP-LAP2a in cells expressing FLAG-RNF123 partially restored the G1 population to only vector control-expressing cells (Fig. 11G-J) . Expression of either GFP-pRb or GFP-LAP2a along with FLAG control vector did not significantly alter the cell cycle profile. Our data suggest that RNF123-mediated reduction in levels of both pRb and LAP2a causes alterations in cell cycle kinetics although we cannot rule out the possibility that other potential targets of RNF123 might influence cell cycle. 
Discussion
In this study, we have demonstrated that RNF123 is an E3 ubiquitin ligase for lamin B1, lamin A, and lamin-binding proteins pRb, LAP2a and emerin. We further show that pRb, LAP2a, and lamin B1 are targeted for proteasomal degradation in cells expressing EMD-causing lamin A mutants. RNF123, by virtue of its regulation of cellular levels of pRb and LAP2a, also influences G1 to S transition in cells.
Lamin A and lamin-binding proteins form functional complexes that play critical roles in maintaining nuclear architecture, as is evident from overlapping phenotypes seen in case of mutations in lamin A or lamin-binding proteins such as LAP2a and emerin, which eventually give rise to laminopathies or envelopathies [6] . The association of lamin A and its interacting proteins is essential for lamin-associated signaling and regulation of chromatin dynamics. Mutations in lamins disrupt these interactions and cause mislocalization and loss of a number of proteins that interact directly or indirectly via chromatin with lamin A/C [9] [10] [11] [12] 15, 22, 23] . pRb has been reported to be degraded by the proteasomal machinery in cells lacking lamins [8] . Here, we show that RNF123 mediates pRb degradation in cells expressing lamin mutants, thus identifying intensity from (C) (n = 3). (***P < 0.001, **P < 0.01; n.s., not significant). . The values were normalized to GAPDH and compared to GFP control (n = 3). (E) HEK293T cells were transfected as in (C) and were treated with 6 lM MG132 for 12 h and the lysates were probed with the mentioned antibodies and values were normalized to GAPDH and compared to GFP control (n = 3). (F) Graphical representation of normalized protein intensities from (E); the relative protein intensities were compared to the GFP control-expressing cells. (***P < 0.001, **P < 0.01 and n.s. not significant).
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The FEBS Journal 285 (2018) 2243-2262 ª 2018 Federation of European Biochemical Societies a functional ligase that mediates this process. We have earlier reported that lamin mutations or knockdown of lamin A/C cause proteasomal degradation of chromatin-bound proteins such as HP1a and b as well as ATR kinase in the nucleus [11, 12, 15] . Our present data on the degradation of lamin-binding proteins in cells expressing lamin A mutants supports our earlier proposal that lamin misexpression causes release of bound proteins that are then targeted for degradation by their cognate ligases; a higher engagement of the ligase in the nucleus might induce its increased expression through feedback mechanisms [12, 24] .
Ubiquitination of proteins serves multiple purposes; it targets ubiquitinated proteins for proteasomal degradation, alters the subcellular localization of proteins, and also causes changes in protein-protein interactions [25] [26] [27] . Consistent with this idea, we observe that although RNF123 ubiquitinates lamin A and its interacting partners, the substrates show different cellular dynamics. The ubiquitination of LAP2a and lamin B1 by RNF123 alters their protein levels by proteasomal degradation reducing the availability of protein for physiological functions. LAP2a associates with nucleoplasmic lamin A/C and is required for maintaining the soluble lamin A/C fraction [28, 29] . A mutation in LAP2a that is reported to cause dilated cardiomyopathy 1 caused altered LAP2a-lamin A/C interaction in vitro [30] . Moreover, nucleoplasmic lamin A/C and LAP2a complexes have been reported to play roles in epigenetic regulation and lamin-associated signaling pathways [29] . Degradation of LAP2a by RNF123 could significantly affect these functions contributing to laminopathic phenotypes. Lamin B1 is also known to play roles in epigenetic modulation by preferentially tethering heterochromatin to the nuclear periphery. It has also been reported to be associated with elongation phase of DNA replication and hence, is required for cellular proliferation [31] . We have previously shown that HP1 proteins are degraded in cells expressing EMD-causing lamin mutants [11] . This effect could in part be mediated by the reduced levels of lamin B1. We have also shown that RNF123 overexpression caused mislocalization of emerin from the nuclear envelope which was relocated to the nuclear lamina on MG132 treatment [15] . Here, we have observed that RNF123 mediates the ubiquitination of emerin without altering its cellular levels suggesting that ubiquitination of emerin may cause changes in its cellular localization. Ubiquitination and mislocalization of emerin and degradation of LAP2a and lamin B1 might synergistically contribute to the 'envelopathy' phenotypes not only by altering the structural landscape of the inner nuclear membrane but also by altering the interactions that are indispensable for the functionality of the nuclear lamina.
Lamin-associated mutations or reduced levels of lamin A/C have been reported to affect the cell cycle in a number of ways. Cells lacking lamin A or its interacting partner LAP2a exhibit abnormal G1 to S transition. In mice, loss of lamin A or LAP2a promotes cell cycle progression, whereas in human fibroblasts the loss of these proteins initiates cell cycle arrest [8, 32, 33] . Lamin A-LAP2a complexes along with pRb are essential for fine-tuning cell cycle progression and maintaining a balance between proliferation and differentiation in adult stem cells [17] . The nucleoplasmic lamin A/C-LAP2a complexes may also control pRb-mediated cell cycle progression and differentiation, as disease-causing lamin A mutants inhibit the in vitro differentiation of C2C12 myoblasts [34, 35] . Importantly, we show that pRb is degraded proteasomally in cells expressing disease-causing lamin A mutants (G232E, Q294P, and R386K) by E3 ligase RNF123 and this might contribute to reduced repressor activity of pRb at G1 to S transition. Our data support this hypothesis as expression of (n = 3) . (G) Asynchronously growing HEK293T cells were cotransfected with GFP and FLAG vectors, or GFP and FLAG-RNF123, or GFP-pRb and FLAG, or GFP-pRb and FLAG-RNF123 for 48 h and were stained with FLAG antibody followed by staining with PI. Cell cycle analysis for double-positive cells was done by flow cytometry. The graph indicates mean percentage cell population in the indicated cell cycle phases (n = 3). (H) Western blots indicating the protein levels of GFP-and FLAG-tagged proteins expressed in (G).(I) Asynchronously growing HEK293T cells were cotransfected with GFP and FLAG vectors or GFP vector and FLAG-RNF123 or GFP-LAP2a and FLAG or GFP-LAP2a and FLAG-RNF123 for 48 h and were stained and processed as in (G). The graph indicates mean percentage AE SEM cell population in the indicated cell cycle phases (n = 2). (J) Representative western blots indicating expression of constructs in (I). (****P < 0.0001, ***P < 0.001, **P < 0.01; n.s. not significant).
RNF123 causes cells to accumulate in S and G2/M phases of cell cycle, whereas coexpression of RNF123 along with either pRb or LAP2a restores the percentage of cells in G0/G1 phase, suggesting that the cell cycle effects seen on elevated RNF123 levels are mediated via LAP2a-pRb complexes.
In conclusion, we have shown that important lamin-binding proteins are directly ubiquitinated by E3 ubiquitin ligase RNF123 leading to their proteasomal degradation or mislocalization. Furthermore, cells expressing RNF123 exhibit an altered cell cycle profile due to reduced pRb and LAP2a levels. We propose that ubiquitination of nuclear proteins leading to their mislocalization and degradation could contribute to disease-causing mechanisms in laminopathies by depletion of key nuclear proteins and defects in cell cycle kinetics.
Experimental procedures
Plasmid constructs
The GFP-tagged wild-type lamin A and point mutants G232E, Q294P, and R386K have been previously described [36] . RNF123 (KPC1) plasmid construct was a kind gift from Bo Cen (Medical University of South Carolina, USA) and GFPtagged RNF123 was made as described earlier [15] . GFP was replaced with 3X FLAG to obtain FLAG-tagged RNF123. HA-tagged ubiquitin, cloned in pCI vector was obtained from Dr. Takeshi downregulation. pRb, and LAP2a were cloned from total cDNA isolated from HEK293T cells using Superscript II reverse transcription kit (Invitrogen) into pEGFPC1 vector between XhoI-HindIII and XhoI-SmaI sites, respectively.
Cell culture, transfection, and treatments
The HEK293T and HeLa cells were grown in DMEM supplemented with 10% FBS (GIBCO, Dublin, Ireland 
Western blot analysis
Whole-cell lysates were prepared by adding Laemmli buffer to the cells followed by boiling at 95°C for 10 min. The lysates were loaded on SDS-polyacrylamide gels and electrophoresed. The proteins were then electroblotted on poly (vinylidene difluoride) (PVDF) or nitrocellulose membrane followed by blocking with 5% BLOTTO (Santa Cruz Biotechnology) at room temperature for 30 min. Blots were incubated with primary antibodies at room temperature for 2 h or at 4°C overnight, washed with TBST, and further incubated with HRP-conjugated secondary antibodies. The blots were then probed with ECL substrate (Roche) on the Vilber-Lourmat chemicapt CC-3000. The densitometric analysis was done using IMAGEJ software (https://imagej.nih.gov/ ij/) (National Institutes of Health, Bethesda, MD, USA).
Immunofluorescence assays
Cells plated on coverslips were washed with PBS followed by fixation with ice-cold methanol at À20°C for 5 min followed by another round of fixation with 3.7% formaldehyde at room temperature (RT) for 2 min. Cells were subjected to a round of permeabilization with 0.5% Triton X-100 in PBS for 6 min. Cells were then washed with PBS followed by blocking with 0.5% gelatin in PBS for 1 h. Cells were then incubated with the primary antibody diluted in PBS for 1 h at RT followed by staining with secondary antibody diluted in PBS for 1 h at RT. Cells were then washed with PBS and the coverslips were mounted in mounting medium containing DAPI (Abcam). Images were acquired on Leica TCS SP8 confocal microscope using Leica Application Suite X (LAS X) software. Images were processed in Adobe Photoshop CS3. DAPI was used to stain the nuclei. The image intensity calculations were performed using IMAGE J FIJI software and mean intensity was used to plot the graphs.
Immunoprecipitation assays
After 48 h of transfection, cells were lysed in RIPA buffer, containing 20 mM Tris (pH 7.5), 150 mM NaCl, 1% NP-40, 5 mM EDTA, protease and phosphatase inhibitors and deubiquitinating enzyme inhibitor (10 mM N-ethylmaleimide) for 15 min on ice. Twenty microliters of protein A/protein G agarose beads (Santa Cruz Biotechnology) were incubated with 2 lg of the antibody at 4°C for 1 h. The lysate was precleared with protein A/protein G beads for 20 min. The precleared lysate was then incubated with antibody bead complex for 4-6 h. The immunocomplexes were then washed with TNE buffer (10 mM Tris pH 7.5, 150 mM NaCl and 1 mM EDTA). The proteins were eluted from the beads by adding Laemmli buffer followed by boiling at 95°C for 5 min. The eluted proteins were separated by SDS/PAGE and western blotting was done to probe for immunoprecipitated and coimmunoprecipitated proteins.
In vivo ubiquitination assays
In vivo ubiquitination assay was performed using standard methods [37, 38] . HEK293T cells were cotransfected with 3 lg of FLAG-RNF123, 4 lg of HA-ubiquitin, and 5 lg of GFP-pRb, GFP-LAP2a, GFP-lamin B1, GFP-lamin A, or GFP-emerin for 48 h. The cells were lysed in RIPA buffer containing 10 mM N-ethylmaleimide and immunoprecipitation was carried out with GFP antibody for 3 h. The eluted complexes were probed with HA antibody to determine ubiquitination of enriched GFP-tagged substrates. Each assay was repeated three times.
In vitro ubiquitination assays
In vitro ubiquitination assays were performed using immunopurified FLAG-RNF123 and GFP-tagged substrates. FLAG-RNF123 was overexpressed in HEK293T cells and was immunoprecipitated to enrich FLAG-RNF123. The FLAG-RNF123 agarose beads were then washed with 1 M NaCl and 1% NP-40 to eliminate most of the proteinprotein interactions. The FLAG-RNF123 agarose beads were then equilibrated with 10 mM Tris and 100 mM NaCl and were used for the assay. The same procedure was followed for GFP-tagged substrates to eliminate any nonspecific protein-protein interactions that could cause ubiquitination of the substrate. The protein concentrations on the beads were estimated and the in vitro ubiquitination assay was performed using 5 nM recombinant UBE1 (E1 enzyme) (R&D systems, Minneapolis, MN, USA), 100 nM recombinant Ubc5Ha (E2 enzyme) (R&D systems), 1 lg purified 6XHis-Ub 5 , 20 nM FLAG-RNF123, and 600 nM of the respective GFP substrates in ubiquitination buffer containing 50 mM Tris (pH 8.0), 5 mM MgCl 2, 1 mM DTT, and 2 mM ATP at 37˚C for 2 h.
Flow cytometry and cell cycle analysis
Cells to be analyzed for cell cycle profile were fixed with icecold paraformaldehyde for 20 min on ice with intermittent mixing. Cells were then permeabilized using 75% ethanol in PBS overnight. This was followed by incubation with propidium iodide (PI) staining buffer (50 mgÁmL 
EdU incorporation assay
For S-phase detection, the EdU (5-ethynyl-2 0 -deoxyuridine) (Thermo Fischer) was used as the DNA-labeling agent. Cells expressing GFP or GFP-RNF123 were given an EdU pulse (10 lM) for 1 h. Post EdU pulse, cells were trypsinized and washed with PBS. The cells were then fixed with 4% paraformadehyde followed by permeabilization with 0.2% Tween 20. The permeabilized cells were then washed and copper ion-based click-reaction was performed with Alexa fluor-647-labeled picolyl azide (Thermo Fischer). The cells were then stained with PI for cell cycle analysis and the data were acquired using GALLIOS flow cytometer (Beckman Coulter).
MTT cell proliferation assay
Cells were transfected with GFP or GFP-RNF123 and at indicated times post 18 h of transfection, MTT was added to the cells at a concentration of 0.5 mgÁmL À1 and incubated at 37°C for 3 h. The media was then removed, the resulting formazan crystals were solubilized in DMSO, and the absorbance was measured at 560 nm with background correction at 670 nm.
Mass spectrometry analysis
For mass spectrometry analysis HEK293T cells were transiently transfected with FLAG vector control or FLAG-RNF123 plasmids for 48 h and 6 lM MG132 was added to the cells 24 h post-transfection. Cells were harvested at 48 h post-transfection and lysed in RIPA buffer. The lysate was then incubated with FLAG antibody (Sigma) for immunoprecipitation as already mentioned above. The immunoprecipitates were electrophoresed on 8% polyacrylamide gels. The gel was then stained with Coomassie Brilliant Blue G-250 (Sigma). Each lane was cut in five regions according to molecular mass. The gel pieces were cut and digested overnight with 250 ng of Trypsin GOLD (Promega Corporation, Madison, WI, USA). The samples were eluted in 40% acetonitrile postdesalting. The samples were analyzed in LTQ Orbitrap Velos interfaced with nanoflow LC system (Thermo Fischer Scientific). The spectra obtained were analyzed by Proteome Discoverer 1.4 Suite with SEQUEST HT software and were searched against human protein database in UniProtKB. The search parameters included full trypsin digestion, oxidation of methionine, and alkylation of cysteine as the dynamic and static modifications, respectively. Precursor and fragment mass tolerance were set to 20 p.p.m. and 0.1 Da, respectively. The data were filtered with 25% FDR using the percolator database. The analysis was repeated with three separate sets of cell lysates. The same protocol was repeated with HeLa cells stably expressing FLAG vector control or FLAG-RNF123. Proteins showing < 2-fold difference in the number of peptides between control vector and RNF123 were excluded from analysis.
Pathway analysis
Bioinformatics analysis of the interacting proteins was performed to classify their cellular components, biological processes, molecular functions, and metabolic pathways using the latest version of PANTHER database.
Statistical analysis
Student's two-tailed t-test was applied for calculation of statistical significance and P-values. Data are represented as mean AE SEM wherever applicable.
Supporting information
Additional supplemental material may be found online in the Supporting Information section at the end of the article: Table S1 . Interaction partners of RNF123 identified by immunoprecipitation-mass spectrometry from HEK293T cells. Table S2 . Interaction partners of RNF123 identified by immunoprecipitation-mass spectrometry from HeLa cells.
